INTRODUCTION
Phagocytosis by polymorphonuclear leukocytes results in the formation of a series of reactive oxygen metabolites during a respiratory burst of non-mitochondrial O # uptake [1] . Simultaneously, an increase in glucose oxidation via the hexose monophosphate shunt, and a decrease in the NADPH\NADP + ratio, is observed [2] . Indeed, NADP + concentration becomes the rate-limiting factor for the dehydrogenases of the hexose monophosphate shunt [3] .
Two key enzyme systems are involved in the oxidative stress reaction of phagocytes, producing oxygen derivatives. First is the NADPH oxidase, a membrane multienzyme complex, which catalyses the univalent reduction of molecular oxygen by NADPH and generates O # − d [4] . Subsequently, H # O # , which is also generated during the respiratory burst, is utilized by myeloperoxidase (MPO), an enzyme located in azurophil granules, which, in the presence of a suitable halide ion such as Cl − , produces HOCl and related oxidative compounds, such as chloramines [5, 6] . As found for other peroxidases, MPO can also catalyse the oxidation by H # O # of a number of organic compounds, including phenolic compounds [7] .
Mechanistic studies in itro on peroxidases have been carried out extensively with phenolic compounds. The primary reaction products are considered to be phenoxyl radicals (G-Od), which are deactivated by non-enzymic transformations [8] . Guaiacol, the 2-o-methoxyphenol, has been frequently used as the hydrogen donor in the assaying of peroxidases [9, 10] . During the course of Abbreviations used : BQ, biphenoquinone ; HRP, horseradish peroxidase ; LPO, lactoperoxidase ; MPO, myeloperoxidase ; SOD, superoxide dismutase ; TPO, thyroid peroxidase.
1 e-mail : blandin!bisance.citi2.fr the overall oxidation of NADPH have also been examined, and the data indicated that superoxide formation did not occur. The final product of NADPH oxidation was shown to be enzymically active NADP + , while guaiacol was generated continuously from the reaction between NADPH and oxidized guaiacol product. In contrast, similar experiments performed on the indirect, tyrosinemediated oxidation of NADPH by MPO showed that a propagation of the free radical chain was occurring, with generation of both O # − d and H # O # . BQ, in itself, was able to spontaneously oxidize NADPH, but neither the rate nor the stoichiometry of the reaction could account for the NADPH-oxidation process involved in the steady-state peroxidation cycle. These results provide evidence that the oxidation of NADPH does not involve a free nucleotide radical intermediate, but that this is probably due to a direct electron-transfer reaction between NADPH and a two-electron-oxidized guaiacol intermediate.
the normal peroxidation cycle, the characteristic red-brown species developed from the oxidation of guaiacol by peroxidase was ascribed to guaiacol dimers with quinone residues [11] , thus supporting the hypothetical rapid dimerization step involving cross-linking of phenoxyl radicals [12, 13] . These results apparently contradicted the idea prevalent that tetraguaiacol formation was being monitored at 470 nm [14] . The true identity of the major steady-state peroxidase oxidation product of guaiacol was confirmed by the use of on-line HPLC and MS to be 3,3h-dimethoxy-4,4h-biphenylquinone [15] , which is generated from the consumption of two H # O # molecules, i.e. one H # O # per molecule of guaiacol.
The catalytic cycle of MPO is similar to most peroxidases that perform one-electron oxidation of organic substrates to radicals in two sequential one-electron steps via two intermediate forms of the enzyme, compounds I and II. These are representative of states that are more oxidized than the native ferric form by either two or one electron(s) respectively. The mechanistic cycle that is, in general, widely accepted is as follows :
CIjG-OH CIIjG-Od
CIIjG-OH peroxidasejG-Od
2G-Odj2H + HO-G-G-OH (4)
where G-OH is the phenolic substrate being oxidized [16] and CI and CII represent compounds I and II respectively. The fate of the phenoxyl radicals, generated in the first step [eqns.
(1)-(3)], was described as a dimerization [8] [eqn. (4) ]. The biphenol was subsequently found to undergo further oxidation to biphenoquinone (BQ) more readily than guaiacol [11] . A two-electron oxidation mechanism could be feasible if the phenoxyl radicals, G-Od, are deactivated by dismutation, leading to a phenoxyl cation [G-O + ; eqn. (5)], or if the catalytic cycle is completed by the one-electron reduction of compound II by phenoxyl radical :
This electrophilic two-electron oxidation product (G-O + ) can undergo further polymerization to a more stable BQ, or a reaction with nucleophils. Depending on the reaction sequence followed, guaiacol could be considered as either a two-or a oneelectron donor. However, previous reports [17] on phenol oxidation by peroxidases showed that the mechanism of oxidation of guaiacol catalysed by thyroid peroxidase (TPO) appeared to be a two-electron type, whereas the mechanism was invariably a one-electron type with horseradish peroxidase (HRP) or lactoperoxidase (LPO).
The major objectives of this study were to examine further the oxidation of guaicol by MPO and to investigate the mechanism of reaction, taking into account the importance of new kinetic data. The intermediates generated by peroxidases, free radicals and\or two-electron-oxidized products from phenols, are usually electrophilic and potent oxidants capable of participating in a variety of secondary non-enzymic redox reactions, involving a wide range of organic compounds, including NAD(P)H [8, [18] [19] [20] . To shed light on the occurrence of these transient products formed from oxidation of guaiacol in the presence of MPO\H # O # , we studied both their reactivity and that of the final oxidation product, the BQ, in co-oxidation reactions involving NADPH. We characterized the reaction and present evidence here that NADPH oxidation does not involve radical chain reactions, as it does when tyrosine is assayed as a mediator, but involves a direct two-electron transfer mechanism to a transient oxidized gaiacol product. Part of these experiments were included in a preliminary report given at the Eurobic II 1994 meeting [21] .
MATERIALS AND METHODS

Materials
Superoxide dismutase (SOD) from bovine erythrocytes, catalase from bovine liver and glucose-6-phosphate dehydrogenase from Baker's yeast were purchased from Sigma Chemical Co. (St Louis, MO, U.S.A.). Guaiacol, tetranitromethane, tyrosine and NADPH tetrasodium salt were also obtained from Sigma. All other chemicals used were of the highest grade available and prepared daily in distilled deionized water.
Purification of MPO
Human MPO isolated from polymorphonuclear leukocytes was extracted as a by-product of cytochrome b &&) purification [22] . The MPO activity was extracted repeatedly from thawed cell pellets in a 1 % (v\v) cholate-lysing medium, and kept frozen at k80 mC. This extract was enriched by two successive (NH % ) # SO % precipitations. The precipitate from the 45-65 % cut was dissolved in 0.1 M potassium phosphate buffer, pH 7.5, in the presence of 1 mM PMSF, before dialysing extensively against the same buffer and application to a heparin-agarose column (Sigma Type II) equilibrated with the same buffer. The adsorbed MPO was eluted at a flow rate of 35 ml\h with a 2i30 ml phosphate gradient, increasing from 0.1 to 0.5 M at pH 7.5. In contrast with published procedures based on cation-exchange chromatography [23, 24] , the haemoprotein (with MPO activity) was found to be eluted as a single symmetrical peak at a buffer concentration of 0.31p0.01 M (n l 5). The eluate was then transferred by ultrafiltration to 20 mM Tris\HCl buffer (pH 8.6) in order to concentrate the enzyme present in fractions with a purity index (A %$! \A #)! ) higher than 0.5. Further purification was performed by anion-exchange chromatography using a DEAE-Sepharose fast-flow column. The MPO was excluded and found in the wash fractions. The unadsorbed fractions were pooled, concentrated and stored at k80 mC. Alternatively, the latter chromatographic step could be replaced by the use of gel-filtration chromatography with a Superdex 200 gel (HiLoad 16\60 Superdex 200 prep. grade column from Pharmacia). In this case, the elution volume corresponded to a molecular mass of 150 kDa. The enzyme preparation used in this study exhibited a purity index from 0.74 to 0.83. All purification steps were performed at 4 mC.
Spectral measurements
Absorbance spectra, repetitive scans and kinetic absorbance measurements were performed using a Kontron Uvicon 942 interfaced with a computer to facilitate the collection, manipulation and analysis of data with the appropriate software.
Substrate and product concentration measurements
Hydrogen peroxide solutions were prepared by appropriate dilutions of 30 % (v\v) H # O # (Sigma) in water distilled\deionized three times, of conductivity 1.3 µS. Their concentrations were determined by monitoring A #%! using ε #%! l 43.6 M −" :cm −" [25] , and dilutions required were prepared daily.
The formation of oxidized product from guaiacol was followed, by spectrophotometric means, as the absorbance changes at 470 nm. The molar absorption coefficient was determined from the slope of linear plots of the maximum absorbance increase versus the number of hydrogen peroxide molecules consumed in MPO-catalysed reactions, where hydrogen peroxide was the limiting reagent (25-200 µM), assuming a total and equimolar reaction. A similar procedure had been followed previously [26] in the analysis of kinetic data for peroxidase-catalysed oxidation of phenols. Under steady-state conditions, this procedure reflects the amount of H # O # consumed by the peroxidation reaction of one guaiacol molecule leading to one oxidized guaiacol product, or half a molecule of BQ. At pH 7.0, a value of 5.58p0.08 mM −" :cm −" (n l 12) was determined (see Figure 2 , upper panel), close to the value of 5.53 reported with H # O # and HRP enzyme [27] .
MPO characteristics
The MPO concentration, expressed as haem concentration, was determined spectrophotometrically on the basis of Soret absorbance at 430 nm using a millimolar absorption coefficient per haem of 89 mM −" :cm −" [28] . In routine assays, the standard molar activity of MPO was defined under typical reaction conditions, consisting of a saturating concentration of 300 µM H # O # , 13.4 mM guaiacol and 20 nM MPO in 20 mM phosphate buffer, pH 7.0 ; this corresponded to 400p30 s −" (n l 8) at 20 mC for enzyme with a purity index 0.7.
Steady-state kinetics of guaiacol oxidation
The mixture contained varying concentrations of guaiacol and H # O # with 20-40 nM MPO (as specified in the legends of the Figures) in 20 mM phosphate buffer, pH 7.0. Reactions were performed at 20 mC and initiated by addition of MPO. The rate of formation of the guaiacol oxidation product was determined from the increase in the A %(! during the first 20 s, using a millimolar absorbance coefficient of 5.58 mM −" :cm −" . For each concentration, measurements were made in duplicate. All experiments were repeated at least three times using different MPO preparations. The steady-state kinetic constants, k cat and K m , were determined by direct fit of the non-inhibited part of the plot to the Michaelis-Menten equation using a non-linear regression analysis program (Kaleidagraph).
Reaction of NADPH with guaiacol, MPO and H 2 O 2
Stock solutions of NADPH were made daily in thrice-distilled, slightly alkaline water, defined by a conductivity measurement of 1.3 µS. Although NADPH absorbed maximally at 340 nm, in the presence of guaiacol, rates could not be accurately measured at this wavelength because the oxidation product of guaiacol also absorbed significantly. Therefore the oxidation of NADPH was studied at 330 nm, where the minimal absorbance level for guaiacol oxidation product was observed. The experimentally determined millimolar absorption coefficient of NADPH at 330 nm is 5.78 mM −" :cm −" , whereas it is 1.2 mM −" :cm −" for oxidized guaiacol product. A cuvette with a 0.4-cm optical path was used for NADPH concentrations higher than 300 µM. Initial rates were determined by varying the concentrations of H # O # , guaiacol and NADPH in the presence of 20-30 nM MPO in 20 mM phosphate buffer, pH 7.0, at 20 mC. Kinetic constants were determined from the data for a minimum of three independent experiments. In parallel experiments, the reaction was followed at the level of guaiacol oxidation by monitoring A %(! .
Reaction of NADPH with guaiacol BQ
Solutions of oxidized guaiacol were prepared using 30 nM MPO, 100 µM H # O # and 1 mM guaiacol. The reaction was allowed to proceed to completion, corresponding to the maximal absorbance increase followed at 470 nm. At that time (generally 1-1.1 min), 5 µl of a concentrated solution of NADPH was added to ensure pseudo-first-order conditions. It caused an immediate exponential decrease in absorbance, owing to reduction of BQ, fitted to one exponential term by a non-linear iterative regression program (Kaleidagraph). Concomitant spectrophotometric measurements at 330 nm allowed monitoring of NADPH oxidation.
Redox cycles of guaiacol
The oxidation of NADPH and guaiacol was monitored by repetitive scans performed every minute between 600-300 nm in the presence of MPO (0.15 µM), and after repetitive addition of aliquots of H # O # (90 µM) performed approx. every 3-4 min, up to the final extent of the reaction.
RESULTS
Steady-state kinetics of guaiacol oxidation by MPO
Time course of guaiacol oxidation 
Figure 1 Time course of guaiacol oxidation
Upper panel : the kinetics of formation of BQ were monitored at 470 nm (line a). The reaction was initiated by addition of 34 nM MPO, expressed as the molar concentration of haem. When the full extent of guaiacol oxidation was attained (at 1.1 min), which corresponded to 91 µM of oxidized guaiacol, 300 µM NADPH was added and the exponential decay corresponded to k l 6i10 − 3 s − 1 (line b), instead of 0.2i10 − 3 s − 1 (line a). The reaction mixtures contained 20 mM phosphate buffer, pH 7.0, 1 mM guaiacol and 100 µM H 2 O 2 . In the lower panel is shown a second-order plot for the dependence of the decay rate on NADPH concentration ;
The first phase was MPO-dependent, and corresponded to a high-rate step, which was further increased by addition of H # O # and guaiacol. In the low-rate time course, the decay rate was not modified by further addition of MPO or 1 µM SOD, but the disappearance was accelerated by an increase in the concentration of free guaiacol, and became essentially instantaneous with the addition of a reductant, such as 1 mM ascorbic acid, glutathione or NADPH [ Figure 1 (curve b) and below]. These observations confirmed that the BQ accumulated in the peroxidase-catalysed oxidation of guaiacol was a highly reactive oxidant, and that it was easily reduced, probably to biphenol, by either extraneous or endogenous reductants.
Variation in the extent of the reaction versus H # O # concentration indicated that the ratio of the peak amount of guaiacol oxidized to the amount of H # O # added is equal to 1 at saturating guaiacol concentrations, and for H # O # concentrations below 250 µM (Figure 2 , upper panel). In contrast, at a given H # O # concentration of 100 µM, the extent of guaiacol oxidation increased with increasing concentrations of guaiacol, and the absorbance reached a plateau for guaiacol concentrations equal to or higher than 2 mM, thus also allowing an estimate to be 
SOD and tetranitromethane effects
In order to investigate the possible accumulation of MPO in an inactive form, i.e. compound III (Fe$ + -O # d − ), we added superoxide scavengers to the reaction mixture [29, 30] . These scavengers had no effect on either the rate of formation or yield of oxidation product for H # O # concentrations below 250 µM. However, at higher H # O # concentrations (i.e. 300 µM), the observed decrease in the rate of guaiacol oxidation was prevented by addition of 1 µM SOD or 20 µM tetranitromethane (Figure 2 Table 1 . k cat values were dependent on guaiacol concentration, and the secondary plot of k cat versus guaiacol concentration was linear, with a slope whose gradient gave a value of (3.5p0.9)i10% M −" :s −" for the second-order rate constant of guaiacol oxidation by an MPO high-oxidation-state compound (results not shown). The specificity for H # O # is defined by the ratio of k cat \K m and permits a lower limit for the second-order rate constant for the reaction of H # O # with MPO to be calculated. The plot of k cat versus K m was linear and its slope gave a value of k cat \K m (as a meanpS.D.) of (6. The k cat and K m values for H 2 O 2 were determined from fitting of the data obtained for guaiacol oxidation by MPO described in Figure 3 .
Figure 4 Time course of guaiacol oxidation at various NADPH concentrations (upper panel), and effect of NADPH concentration on its own oxidation time course (lower panel)
Upper 
Oxidation reactions in the presence of reduced pyridine nucleotides
Under steady-state conditions, the formation of BQ was inhibited by NADPH. The kinetics of inhibition were biphasic ( Figure 4 , upper panel). In the rapid phase, the inhibition was characterized by a certain lag time, which increased with concentrations of added NADPH, preceding the accumulation of BQ at a steady rate. In the slow phase, the BQ decayed at a rate accelerated slightly by the presence of remaining NADPH. Under the same steady-state-concentration conditions of H # O # , MPO and NADPH, the oxidation of NADPH did not occur over 15 min. This observation confirmed previous reports on the oxidation of NAD(P)H catalysed by the peroxidase\H # O # system, which requires the presence of a mediating molecule at pH 7.0 [18] [19] [20] [33] [34] [35] . Addition of 1 mM guaiacol to the system at t l 0 resulted in a dramatic increase in the rate of NADPH oxidation (Figure 4, lower panel) . As shown by comparison of corresponding kinetics in Figure 4 , synchronized biphasic time courses were detected at the levels of both oxidized guaiacol product and NADP + formation. Even though the guaiacol concentration was 20-fold higher than that of NADPH, the latter was consumed first, during the lag period detected at the level of guaiacol oxidation. During the time when the transition between the two phases took place, i.e. after 1 min, the amount of oxidized guaiacol reached its maximal level as the rapid NADP + formation ended. The oxidation of guaiacol and NADPH occurred concurrently. The initial rate and extent of NADPH oxidation both increased with increasing NADPH concentration ( Figure 5 and Table 2 ), whereas those for guaiacol oxidation concomitantly decreased. Whatever concentration of NADPH was used, the two oxidized equivalents of H # O # (90 µM) were almost entirely distributed between the detected oxidized guaiacol and NADP + , as shown by their sum (82p5 µM; n l 12) calculated from the data presented in Table 2 . Thus all the added H # O # had been consumed at the end of the rapid phase. In particular, at high NADPH concentrations inhibiting completely guaiacol oxidation, NADP + formation reached a maximum level equal to the initial H # O # concentration, and its rate of formation tended to become identical with the turnover rate obtained for direct oxidation of guaiacol by MPO in the absence of NADPH ( Figure 5 and Table 2 ). No more NADP + was produced independently of H # O # .
Table 2 Concentrations of oxidized guaiacol and NADP + at the end of the rapid co-oxidation phase
Results determined from quantitative analyses of the changes in absorbance followed at 470 nm and 330 nm, at the time of 1 min when oxidized guaiacol reached its maximal level and the rapid formation of NADP + ended, under conditions described in Figure 4 . Mean values for three independent experiments are presented.
NADPH (µM)
Oxidized guaiacol (µM) NADP + (µM)
The initial rate of NADPH oxidation appeared to be saturable with respect to guaiacol, and the apparent second-order rate constant obtained from this curve, k cat \K m , was (4.4p0.2)i 10% M −" :s −" ; the K m was 7p1 mM ( Figure 6 , upper panel, curve b). These values were close to those obtained for the direct steady-state oxidation of guaiacol by MPO (K m 8.3p1.7 mM) and the value of k cat \K m of (5.3p0.2)i10% M −" :s −" (Figure 6 , upper, curve a). Therefore, provided that the NADPH concentration (500 µM) was capable of inhibiting completely guaiacol oxidation at all concentrations of guaiacol used (below 10 mM), the effects of increasing guaiacol concentration on the stimulation of NADPH oxidation were essentially identical with its effect on its own oxidation rate. Similarly, the concentration of H # O # had no significantly different effects on the initial oxidation rates of guaiacol and NADPH ( Figure 6, lower panel) . The initial oxidation rates of guaiacol ( Figure 6 , lower, curve a) and NADPH ( Figure 6 , lower, curve b) increased until the concentration of H # O # reached 100 µM. Then a marked inhibition of the rate was clearly shown by a further increase in H # O # concentration. By considering only the non-inhibited part of the plot, Michaelis-Menten analyses yielded values for k cat and K m of 9p0.3 s −" and 2.5p0.6 µM respectively for H # O # at the level of NADPH ( Figure 6 , lower, curve b), close to the values determined at the level of guaiacol reported in Table 1 .
Mechanistic studies
Redox cycles of guaiacol
To confirm the continuous generation of guaiacol from the reaction of NADPH with the transient oxidized guaiacol, the oxidation of both reductants was studied in the presence of MPO by stepwise addition of H # O # (90 µM aliquots), which allowed us to titrate selectively first NADPH, then guaiacol. Results are illustrated in Figure 7 for an initial NADPH : guaiacol ratio of 2. oxidized, the amount of oxidized guaiacol formed corresponded to 85 % of that of the control experiment performed at the same guaiacol concentration, but in the absence of NADPH (Figure 7 , lower panel). An improved yield of 92 % was obtained at ratios of NADPH : guaiacol of 0.8 and 1.6, corresponding to a smaller number of cycles of oxidation and reduction. In conclusion, when NADPH oxidation was complete, the final accumulation of oxidized guaiacol was largely unaffected, thereby indicating that guaiacol was hardly consumed at all during this process.
Identification of the oxidized NADPH products
The final product of NADPH oxidation was determined first. When most of the NADPH was oxidized, addition of glucose-6-phosphate and glucose-6-phosphate dehydrogenase induced the formation of NADPH (characterized by a burst in absorbance at 330 nm that accounted for over 95 % of the NADPH originally present in the reaction mixture) from the oxidized NADP + present in solution (Figure 8 , upper panel, curve a). This indicated that NADP + formed by the guaiacol-mediated NADPH oxi- dation had not been oxidatively degraded any further. Thus the final product of the guaiacol-mediated NADPH oxidation by the MPO\H # O # system is enzymically active NADP + .
Factors controlling the NADPH oxidation mediated by guaiacol metabolites
As expected from previous reports on NAD(P)H co-oxidation [19, 20, [33] [34] [35] , O # − d might be involved in the propagation of NADH oxidation by peroxidases. To further investigate the mechanism of reaction, and the participation of O # − d in the oxidation of NADPH, we examined the effects of the addition of SOD on the time courses of both guaiacol and NADPH oxidation (Figure 8, upper panel, curves a and b) . SOD had no effect in terms of either the rate of modification or the extent of their oxidation. Furthermore, when SOD was added with NADPH at the time when BQ had reached its maximum absorbance level, an absence of modification on its disappearance was observed (results not shown). When the possible role of dioxygen was investigated by repeating the experiments with solutions 
NADPH oxidation mediated by a tyrosine metabolite
Control experiments were performed to determine whether the oxidation mechanism of NADPH might depend on the type of peroxidase (with MPO used here instead of HRP) or, more likely, on the mediating molecule. Correspondingly, studies of the reaction using tyrosine as a catalyst were carried out. Indeed, recently it was established that tyrosine is a substrate for MPO [36] , leading to the production of dityrosine by C-C coupling of two transient tyrosyl radicals [37] . Figure 9 shows that NADPH oxidation could be obtained in a system containing MPO, H # O # and 3 mM tyrosine. Measurement of the total absorbance variation indicated that 8 mol of NADPH were oxidized by 1 mol of H # O # ( Figure 9 , curve a). Addition of SOD significantly increased the oxidation rate ( Figure 9, curve b) . In the absence of dioxygen, the stoichiometry of oxidized NADPH : H # O # became equal to 1 (Figure 9 , curve c). Taken together, these data suggest that O # − d and H # O # are produced in the reaction. The addition of glucose-6-phosphate dehydrogenase to the spent reaction mixture regenerated nearly all of the added NADPH ( Figure 9 , curve d), confirming that NADP + was the only oxidized compound produced from NADPH. Similar effects were reported for the cooxidation of NAD(P)H by the HRP\H # O # system mediated by phenoxyl radicals from thyroxine, various arylamine or phenolic substrates, paracetamol and scopoletin [19, 20, 34, 35] .
Reaction of the BQ with NADPH
To clarify the mechanism of guaiacol mediation, and to determine the redox species involved, the reaction of BQ with NADPH was investigated. Study of the oxidation of NADPH was conducted by adding NADPH after the total oxidation yield of BQ had occurred, which corresponded to the complete consumption of H # O # by the enzymic reaction (Figure 1) . The results of typical reaction curves, monitored at 330 nm and 470 nm respectively, indicated that NADPH oxidation was synchronized with the disappearance of BQ (results not shown). By consideration of the amplitudes of these curves, the stoichiometry of the reaction corresponded to two disappeared oxidized guaiacol product molecules per molecule of NADP + formed (2.15p0.25 ; n l 8). This ratio was expected for the reduction of one BQ molecule to biphenol by one NADPH. The decrease in A %(! due to the reduction of the BQ followed a slow exponential decay curve, and lengthened over 10 min for 300 µM NADPH (Figure 1 , curve b), instead of 1 min, as observed above (Figure 4 , lower panel). The k obs for guaiacol oxidation product reaction with NADPH was linearly dependent on NADPH concentration, and a second-order rate constant of 16 M −" :s −" was obtained for this reaction (Figure 1, lower panel) .
DISCUSSION
Information on guaiacol oxidation by MPO is reported here for the first time. Of interest in this study are the estimates of the rates of guaiacol oxidation and compound I formation for MPO, determined under steady-state conditions. The latter is only 2-to 3-fold lower than the second-order rate constant reported for the direct oxidation of MPO to compound I by H # O # [31, 32] ; therefore these are in reasonable agreement. It might be useful to compare the rate of guaiacol oxidation by MPO with the reported values for guaiacol oxidation by compound II from other peroxidases. The efficiency of MPO is close to that of TPO [17] , but 10-fold lower than that reported for HRP or LPO [17, 38] . These differences in rates for various peroxidases could be related to variations in the mechanism and\or the active site. Nevertheless, when considering the reaction of compound II of MPO with various substrates, i.e. the step that is rate-limiting in terms of its turnover, the rate of guaiacol oxidation is close to those rates reported for ascorbic acid [39] and tyrosine [36] , substrates known to give rise to transient free radicals [40, 41] . Taking into account the relatively slow rate of guaiacol oxidation by MPO, it is tempting to speculate that the presumption that compound II accumulates during the turnover of MPO in the presence of guaiacol might be as valid, as found for other substrates and peroxidases.
We have focused on the mechanism of guaiacol oxidation by the MPO\H # O # system, with characterization of the reactive intermediate products by means of NADPH co-oxidation. It is well established that the oxidation of NAD(P)H by HRP\H # O # under steady-state conditions requires the presence of a mediating molecule that acts as a redox catalyst for NAD(P)H oxidation [18] [19] [20] [33] [34] [35] . In the present paper, several lines of evidence indicate that guaiacol metabolites promote NADPH oxidation in the presence of the MPO\H # O # system ; indeed, guaiacol itself stimulated NADPH oxidation. The oxidation of NADPH mediated by either guaiacol or H # O # is described by saturation kinetics close to those established for guaiacol alone. Thus the
Scheme 1 Proposed mechanism for the tyrosine-mediated indirect oxidation of NADPH by MPO with transient generation of O 2 − d and H 2 O 2
Abbreviations used : Tyr-OH, tyrosine ; Tyr-Od, tyrosyl radical ; NADPd, NADP radical ; C I and C II, compounds I and II respectively.
NADPH oxidation is totally dependent on the turnover of MPO. In contrast, the presence of NADPH considerably delayed the oxidation of guaiacol by MPO\H # O # . However, the decrease in rate cannot be accounted for by competition of NADPH with guaiacol at the active site of MPO. Indeed, guaiacol has no inhibitory effect on NADPH oxidation, as it would be expected to have when two substrates compete for binding at the active site of an enzyme. Finally, the kinetic features support the rationale that the guaiacol oxidation products are responsible for the observed oxidation of NADPH.
Results from redox cycles mediated by H # O # provide further support for multiple cycles of oxidation and reduction carried out by guaiacol acting as an electron carrier, being alternately oxidized\reduced by the MPO\H # O # system and the hydrogen donor respectively. Oxidized guaiacol products were reduced by NADPH as rapidly as they were formed by MPO\H # O # , and no BQ accumulated during these reactions, giving the impression of inhibition of guaiacol oxidation.
As expected from previous reports on the phenol-mediated NAD(P)H oxidation by a peroxidase\H # O # system [18] [19] [20] [33] [34] [35] , a free radical mechanism is most frequently involved in the aerobic NAD(P)H oxidation catalysed by the peroxidase\ H # O # system. In the present paper, results on tyrosine-stimulated NADPH oxidation, catalysed by MPO, lead to the same conclusion. The MPO\H # O # system catalysed the one-electron oxidation of tyrosine to tyrosyl radical which, in turn, rapidly oxidized NADPH (Scheme 1). Transient tyrosyl radicals are known to oxidize pyridine nucleotides by a direct one-electron transfer process [k l (6-8)i10( M −" :s −" ] [41] , which results in the formation of NAD(P)d radical, a potent reductant [E m,( of NAD(P) + \NAD(P)d l k920 mV] [42] . Subsequently, the nucleotide radical is capable of rapidly reducing molecular oxygen (k l 2i10* M −" :s −" ) [43] In contrast, results presented here on the guaiacolmediated NADPH oxidation suggest that a radical did not react with NADPH. This is indicated by the absence of an effect of SOD on the NADPH oxidation rate, showing that the superoxide radical anion is not involved in the NADPH oxidation. Indeed, it is not an oxidase-catalysed reaction, because it does not require dioxygen and can occur in argon. The stoichiometric ratio of the disappearance of NADPH and H # O # was found to be 1 (Figure 8 ), while the generation of H # O # in presence of NADPH was observed in tyrosine mediation ( Figure 9) . Consequently, the comparison of our data on tyrosine-and guaiacol-mediated NADPH oxidation suggests that the stimulated oxidation of NADPH by guaiacol involves a reaction with a two-electronoxidized metabolite of guaiacol, and not a radical-chain propagation. This conclusion would be consistent with the absence of any report on the determination of the redox potential for the couple G-Od\G-OH (where G-OH is the phenolic substrate being reduced and G-Od is the phenoxyl radical), as expected for an unstable or short-lived radical [44] .
Among the two-electron-oxidized guaiacol species, either a primary oxidation product, such as the transient guaiacol phenoxyl cation (G-O + ), or the final product, the BQ, might be postulated. Our experiments did not support the hypothesis that the final guaiacol oxidation product (BQ) was responsible for the observed oxidation of NADPH. However, BQ is a potent oxidant that can be reduced by a direct two-electron transfer reaction to a biphenol. The data here showed that BQ was most effective in supporting NADPH oxidation, although concurrent measurements at the level of NADPH and BQ allowed the characterization of a slow exchange (16 M − 1:s −" ) incompatible with the turnover rate of MPO for guaiacol [k + l (4-5)i10%M −" :s −" ], corresponding to the consumption of one BQ molecule per molecule of oxidized NADPH, as follows :
where BP-OH represents biphenol. Both the timescale and the stoichiometry (2 : 1, instead of 1 : 1, for oxidized guaiacol product : NADPH) do not fit the characteristics of NADPH oxidation under steady-state conditions. We therefore conclude that, under steady-state conditions in the presence of MPO\H # O # as described above, NADPH is very likely to be oxidized by an intermediate two-electron oxidation product of guaiacol, hypothesized to be a transient guaiacol phenoxyl cation (G-O + ). This species could be generated by the mechanism shown in eqn. (5), i.e, by dismutation of two phenoxyl radicals, which is generally considered to be a faster bimolecular reaction than the coupling reaction between these radicals [eqn. (4) ]. It is also very likely that the phenoxyl radical remains tightly bound to the enzyme active site and generates the two-electronoxidized guaiacol species (G-O + ) via a coupling process with compound II [eqn. (3h)]. In the case of such an hypothesis, a direct two-electron transfer could occur between NADPH and G-O + , as follows :
We cannot exclude the possibility, at present, of the participation of another type of two-electron-oxidized species ; it is hoped that further kinetic and structural investigations will provide an answer to this question.
Differences observed in the mechanism of oxidation of guaiacol catalysed by MPO or TPO (a two-electron mechanism type) and HRP (a one-electron mechanism type) [17] most likely emphasize differences in the active-site environment. The crystal structures of both HRPC and MPO-salicylhydroxamic complex [45, 46] revealed a hydrophobic region at the entrance to the distal haem cavity, with three nearby phenylalanines that could accommodate the aromatic substrate-binding site. Results from studies on both MPO and HRP complexes proposed that the first, fast single-electron oxidation of aromatic substrates took place at the haem periphery [46, 47] . Indeed, these processes were related to a similar short distance of 0.4 nm between the substrate aromatic ring and the 8-methyl group on the pyrrole ring D [46, 48] . In contrast, with respect to the second electron-oxidation step at the level of compound II, the distances from the aromaticring carbon atoms to the haem iron were shorter in the MPO-salicylhydroxamic acid complex than the ring-proton-tohaem-iron distances determined for either the HRP or LPO complex [46, 48, 49] . Indeed, differences exist at the haem level. Besides the existence of a covalently linked haem moiety to the protein in mammalian peroxidases, and not in plant peroxidases [16, 50] , the reduction potential of the iron is 0.2 V higher in MPO for compound I than in HRP [7, 51] . If it is assumed that this redox difference would be maintained at the level of compound II, these characteristics could promote a two-electron type of mechanism for the guaiacol oxidation reaction by MPO.
It is clear from our data that caution must be exercised when using the commonly used guaiacol method for measuring the MPO content in leukocyte or granule extracts [9, 10] . NAD(P)H must be eliminated, or at least its concentration diminished, to avoid interference with the assay.
Our results might also have physiological relevance. Provided that the redox potentials of the oxidized compounds produced upon oxidation of substrates by MPO are higher than NADPH, these compounds are likely to act as efficient mediators of NADPH oxidation, and thus may play a regulatory role in controlling NADPH levels. Indeed, NADPH is associated with the activity of NADPH oxidase, involved in the oxidative stress of phagocytes by production of superoxide radical [4] . The production of O # − d by the cell occurs over a short time, and is abruptly terminated [1, 52] . Thus it is conceivable that, as a side reaction, the transient depletion in NADPH resulting from the stimulation of NADPH oxidation by redox mediation may constitute one of the possible causes for termination of the respiratory burst. As a result, the respiratory burst would be expected to be prolonged in the absence of MPO. Consistent with this interpretation, it must be noted that MPO-deficient leucocytes have an increased respiratory burst [53] .
In conclusion, the present study provides evidence that guaiacol acts as an electron carrier, being alternately oxidized and reduced by the MPO\H # O # system and NADPH respectively. A two-electron-oxidized species was shown to be essential for this effect, NADPH being directly oxidized to NADP + without involvement of a transient radical. Finally, co-oxidation is a general property of products generated by peroxidase catalysis ; therefore the peroxidase-dependent oxidation of NADPH is a good candidate for providing information about both the transient and final redox states of oxidizing agents generated in the peroxidase-hydroperoxide dependent catalysis. Further studies are currently in progress to validate this assay.
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